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Abstract
In this study, a new type of Cu–Al–Ta (Cu86Al12Ta2 wt%) shape memory alloy with high
martensitic transformation temperature is explored. The microstructure, reversible martensitic
transformation and shape memory properties are investigated by means of optical microscopy,
back-scattered electron, electron probe microanalysis, x-ray diffraction, differential scanning
calorimetry and tensile tests. It is proposed that Cu86Al12Ta2 alloy consists of a mixture of
primarily β ′1 martensite and a little γ
′
1 martensite and some different precipitates. The tiny
thin-striped Ta2(Al,Cu)3 precipitate is predominant in the as-quenched condition, whereas the
particle-shaped Cu(Al, Ta) precipitate is dominant after hot-rolling. Additionally, the
dendritic-shaped γ1(Cu9Al4) phase begins to appear after hot-rolling, but it disappears when
the sample is re-quenched. All studied samples have reversible martensitic transformation
temperatures higher than 450 ◦C. The results show that two-step martensitic transformation
behavior is observed for Cu86Al12Ta2 alloy in all three different conditions due to the
transformations between (β ′1 + γ
′
1) martensites and the austenite parent phase. The results
further show that the recovery ratios are almost 100% when the pre-strains are ≤2.5%, then
they gradually decrease with further increase of the pre-strains. The shape memory effects
clearly increase as a result of increase of the pre-strains, up to a maximum value of 3.2%.
Keywords: Cu–Al alloys, microstructure, martensitic transformation, shape memory effect
(Some figures may appear in colour only in the online journal)
1. Introduction
Shape memory alloys (SMAs) have been investigated as well
as used extensively in the past few decades as a result of two
unique functional properties, namely the shape memory effect
(SME) and superelasticity (SE), which are closely related
to the reversible martensitic transformation [1]. To date,
Ni–Ti-based alloys are the most important SMAs, showing
excellent SME and SE, sufficient strength and ductility
[2, 3]. Cu-based SMAs, such as Cu–Al–Ni, Cu–Zn–Al
and Cu–Al–Mn alloys, etc [1, 4–7], also attract great
attention for engineering applications due to their lower
cost than Ni–Ti-based SMAs, and better SME and SE than
Fe-based SMAs. However, one common limitation for these
SMAs is that their martensitic transformation temperatures
are not higher than 120 ◦C at present. Therefore, there
is an increasing need to develop high temperature shape
memory alloys (HTSMAs) that can function over 120 ◦C
due to the requirements of engineering applications, such
as the automotive, robotics, power generation and aerospace
industries.
To date, several alloy systems have been investigated and
developed as HTSMAs, such as Ni–Ti–Pd/Pt, Ni–Ti–Zr/Hf,
Ni–Al, Ni–Mn, Zr–, Ru–Ta/Nb alloys, etc [8–22], but some
practical problems still remain unsolved in these alloy
systems. For instance, Ni–Al alloys are considered to be
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unstable; Ni–Ti–Zr and Ni–Mn-based alloys are too brittle for
actual production; the high cost of Pd/Pt hinders the potential
applications of Ni–Ti–Pd/Pt alloys, although they show good
SMEs and high martensitic transformation temperatures.
Therefore, there has been a research interest in new and low
cost HTSMAs.
Since Cu–Al-based SMAs are much cheaper than other
SMAs, research on this system still attracts a great deal of
attention. It is well known that, to date, only Cu–Al–Ni alloys
can meet the requirement of high martensitic transformation
temperature [1, 4]. However, the main obstacles for Cu–Al–Ni
alloys are the polycrystalline brittleness and thermal stability
due to the large grain size and the segregation of γ1
(Cu9Al4) [1, 4]. In order to overcome these problems,
attempts by alloying have been made, and several alloy
systems have been developed, such as Cu–Al–Ni-Mn–Ti,
Cu–Al–Mn–Zr, etc [23, 24]. Meanwhile, the search for new
Cu–Al-based HTSMAs for applications at high functionial
temperatures is being actively undertaken. For instance,
Cu–Al–Ag alloys showed a martensitic transformation
temperature higher than 300 ◦C [25–27]. Cu–Al–Fe alloys
could be suitably considered to function above 200 ◦C
with relatively good SME [28, 29]. Cu–Al–Nb alloys were
recently investigated as Cu–Al-based HTMSAs, exhibiting
the combined properties of high martensitic transformation
temperature (as high as 300 ◦C), 12.7% tensile strain and
90% shape memory ratio [30–33]. In this study, a new
type of Cu–Al–Ta SMA is explored, and the microstructure,
martensitic transformation and shape recovery behavior are
investigated.
2. Experimental procedures
A polycrystalline button with the nominal composition of
Cu86Al12Ta2 (wt%) was prepared. The ingot, of about 50 g,
was arc-melted five times under the protection of an argon
atmosphere to ensure compositional uniformity. The purities
of copper, aluminum and tantalum were 99.9%, 99.99% and
99.9%, respectively. Then the prepared metal button was
sealed under vacuum into a quartz ampule and annealed
at 900 ◦C for one day, followed by ice-water quenching
(condition (i)). Some slices were cut from the as-quenched
button by an electrical discharger for investigations of the
phase structure, composition, microstructure and martensitic
transformation behavior. The remaining portion of the button
was heated to 900 ◦C and hot-rolled to a final thickness of
0.7 mm at a reduction of about 0.5 mm per pass (condition
(ii)). Several plates and tensile samples were prepared from
the hot-rolled plates, and annealed at 900 ◦C for 30 min,
followed by ice-water quenching (condition (iii)). Some
slices were further taken from conditions (ii) and (iii) for
microstructural observation compared with the results of
condition (i).
The microstructure was observed by optical microscopy
(OM) and electron probe microanalysis (EPMA) (JEOL,
JXA-8100) using the back-scattered electron (BSE) mode.
Samples for microscopic observation were mechanically
polished and chemically etched in a solution of 100 ml
H2O + 25 ml HCl + 10 g Fe3Cl. The compositions of
the phase constituents were determined by EPMA. The
crystallographic structures of the phases were identified at
room temperature by x-ray diffraction using a PANalytical
X’pert PRO with Cu Kα radiation. The x-ray diffraction
patterns and the positions of possible Bragg reflections of
each phase in the studied alloys were analyzed using the Jade
5.0 program. The martensitic transformation behavior was
studied by differential scanning calorimetry (DSC) (Netzsch
STA 404) at heating and cooling rates of 10 ◦C min−1. The
SMEs were measured by tensile tests at ambient temperature
using a WDW-IOOE III machine at a crosshead speed of
0.2 mm min−1. The tensile direction was parallel to the
rolling direction. The gauge dimensions of the tensile samples
were about 3 mm wide, 0.7 mm thick and 8 mm long
according to the relationship L0 = 5.65 × A1/2, where A is
the cross-sectional area and L0 is the length of the gauge
section. The length of the specimen was measured before
loading (l0), after unloading (l1), and after heating to 700 ◦C
for 5 min and cooling back to room temperature (l2) by using
a micrometer with an accuracy of 0.01 mm. The pre-strain
during the tensile test was defined as εpre = 1l/l0, where 1l
is the displacement of the crosshead. The residual strain after
unloading (εr), recovery strain (εSME), permanent strain (εp)
and recovery ratio (R) were obtained as (l1 − l0)/l0 × 100%,
(l1 − l2)/l0 × 100%, (l2 − l0)/l0 × 100% and (l1 − l2)/(l1 −
l0)× 100%, respectively.
3. Results and discussion
Figure 1 shows optical micrographs (a)–(c) and BSE images
(d)–(f) of Cu86Al12Ta2 alloy under different conditions,
including condition (i) for the as-quenched condition (a) and
(d), condition (ii) for the hot-rolled condition (b) and (e), and
condition (iii) for the re-quenched condition after hot-rolling
(c) and (f). The optical micrographs of all three conditions
show a mixture of predominantly β ′1 type thin martensite and
a little γ ′1 type thick martensite, as shown in figures 1(a)–(c),
which is confirmed by the later analysis of XRD. Interestingly,
some small precipitates within martensite lathes are observed
in figure 1(a). Such precipitates are also confirmed by the
corresponding BSE image shown in figure 1(d), appearing
as the white phase. From figure 1(d), it is seen that the
precipitates show a tiny thin-striped shape, and are uniformly
distributed within the martensite matrix. Compared with the
microstructure of condition (i), there are some differences in
conditions (ii) and (iii), as seen in figure 1. On the one hand,
the amount of the white tiny thin-striped precipitate acutely
decreases, whereas a white particle-shaped precipitate is
present after hot-rolling, which is not small or homogeneously
distributed anymore. These changes can be clearly found by
observation of the optical micrographs of figures 1(b) and (c)
as well as the BSE images of figures 1(e) and (f). On the other
hand, several small dark dendritic-shaped particles appear,
as seen in figures 1(b) and (e) (indicated by the red dashed
arrows), under condition (ii). However, these dendritic-shaped
particles disappear under condition (iii) when the sample is
re-quenched.
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Figure 1. Optical micrographs (a)–(c) and the corresponding BSE images (d)–(f) of Cu86Al12Ta2 alloy under different conditions.
(a), (d) condition (i); (b), (e) condition (ii); (c), (f) condition (iii). M represents martensite.
Table 1. Average composition of each phase in Cu86Al12Ta2 alloy under conditions (i), (ii) and (iii).
Martensite Ta2(Al,Cu)3 Cu(Al, Ta) γ1(Cu9Al4) phase
Cu Al Ta Cu Al Ta Cu Al Ta Cu Al Ta
(i) wt% 86.53 12.91 0.56 19.49 7.24 73.27 33.05 9.82 57.13
at.% 73.88 25.95 0.17 31.29 27.39 41.32 43.36 30.33 26.31
(ii) wt% 87.14 12.31 0.55 21.42 6.55 72.03 34.39 8.89 56.72 86.20 13.29 0.51
at.% 74.90 24.93 0.17 34.46 24.84 40.70 45.68 27.81 26.51 73.26 26.59 0.15
(iii) wt% 87.05 12.44 0.51 19.54 7.59 72.87 35.81 5.36 58.83
at.% 74.70 25.15 0.15 31.02 28.36 40.62 51.81 18.28 29.91
The chemical compositions of the martensites and dif-
ferent precipitates were determined by EPMA measurements,
and are given in table 1. Only small changes exist in the
composition of the martensites in all conditions. However,
the compositions of the white thin-striped, particle-shaped
and dark dendritic-shaped precipitates are obviously different.
The average compositions of the white thin-striped and
particle-shaped precipitates are close to the CuAl and
Ta2Al3 compounds [34–37]. Therefore, these precipitates are
described as Ta2(Al,Cu)3 and Cu(Al, Ta) phases, according
to their compositions in table 1, in the following text. The
composition of the dark dendritic-shaped precipitate is Cu
86.20, Al 13.29, Ta 0.51 (wt%) (Cu 73.26, Al 26.59, Ta
0.15, at.%), being close to the intermetallic compound γ1
(Cu9Al4) [34]. These results are in agreement with the later
analysis of x-ray diffraction.
The x-ray diffraction patterns of Cu86Al12Ta2 alloy under
different conditions are shown in figure 2. It is found from
figure 2 that the diffraction peaks of the main monoclinic
β ′1 type martensite and the small amount of tetragonal γ
′
1
type martensite can be observed in all three conditions. It is
well known that the disordered β(A2) phase is stable when
the temperature is higher than about 560 ◦C in the Cu–Al
binary system [37]. The ordering transformation β(A2) →
β2(B2) → β1(DO3) will occur during cooling, and cannot
even be suppressed by rapid quenching. Afterwards, the
martensitic transformation should take place, in which three
types of martensite, 9R(α′), 18R(β ′1) and 2H(γ
′
1), are observed
in different composition ranges [1, 8, 37]. Generally, a
mixture of primarily β ′1 martensite and a little γ
′
1 martensite
might be obtained with a relatively low Al content, and has
been found in several Cu–Al-based SMAs, such Cu–Al–Fe
[28, 29], Cu–Al–Mn [38, 39] alloys, etc. However, differences
exist among the diffraction patterns of the precipitates. For
condition (i), the diffraction peaks of the Ta2(Al,Cu)3 phase
are found, but they almost disappear under conditions (ii) and
(iii) as a result of a drastic decrease in its amount. However,
the diffraction peaks of the Cu(Al, Ta) phase become more
obvious at the same time. This is mainly due to the growth of
the Cu(Al, Ta) phase under conditions (ii) and (iii) resulting
from the hot-rolling process. Additionally, the existence of the
γ1 (Cu9Al4) phase only under condition (ii) is also confirmed
by its diffraction profile.
Figure 3 shows the DSC curves of Cu86Al12Ta2 alloy
under the three different conditions. Two-step martensitic
transformation behavior is observed during heating for
condition (i), and the peak at low temperature is clearly
smaller than that at high temperature, as shown by red solid
arrows. γ ′1 martensite is thicker than β
′
1 thin martensite,
indicating that it is easier to transform. Thus it is proposed
that the small forward transformation peak during heating
at low temperature is due to the transformation γ ′1 → β1,
3
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Figure 2. X-ray diffraction patterns of Cu86Al12Ta2 alloy under
different conditions. The vertical marks indicate the positions of
possible Bragg reflections of each phase in this study.
and the sharp peak at high temperature results from the
transformation β ′1 → β1. The split in the transformation peak
is not clear during cooling due to the broadening of the
transformation peak under condition (i), as shown in figure 3.
However, the split in transformation peaks during cooling
is more obvious under conditions (ii) and (iii), in which
the small transformation peaks are due to the transformation
β1 → γ
′
1. Moreover, all studied samples exhibit satisfactory
transformation temperatures higher than 450 ◦C. Additionally,
unknown transformation peaks are observed in all three
conditions, as shown by red dashed arrows. From the results
of the microstructures and XRD, it is found that the amount
of Cu(Al, Ta) phase clearly increases after hot-rolling, and
the γ1(Cu9Al4) phase is also present under condition (ii).
Based on the phase equilibria information for Ta–Al and
Cu–Al binary systems [34–37], the Ta2Al3 phase starts to
be present at a very high temperature, but the Cu(Al, Ta)
and γ1(Cu9Al4) phases both form at about 560 ◦C. Thus it
is suggested that the unknown transformation peaks might be
related to decomposition of the Cu(Al, Ta) or γ1(Cu9Al4)
phase. It is possible that when the samples are heated at
900 ◦C with a sufficient annealing time, only β austenite
parent phase and Ta2(Al,Cu)3 precipitate could remain. In
other words, the phase transformation behavior of Cu–Al–Ta
alloy is complex and more investigations are needed in further
work.
The SE and SME of Cu86Al12Ta2 alloy over the reverse
transformation temperature have not been studied in this work
due to the high martensitic transformation temperature and
relatively low high temperature strength. Its shape recovery
properties were studied by deforming the samples at room
temperature by tensile tests. Afterwards the deformed samples
were heated at 700 ◦C for 5 min and cooled back to room
temperature. The recovery strains were measured by the
dimension change before and after the sample was heated by
using a micrometer with an accuracy of 0.01 mm. In this study,
in order to investigate the SMEs of Cu86Al12Ta2 alloy, several
plates were cut from the samples under condition (iii) and
were subjected to different tensile pre-strains, which are listed
in table 2. Figure 4 shows the tensile stress–strain curves of
the samples pre-strained (εpre) to 3.5% (a), 4.5% (b), 5.5%
(c) and 6.5% (d), and the residual strains (εr) are 2.4%, 3.5%,
4.4% and 5.2% respectively. The arrowed lines represent the
shape recovery after heating to 700 ◦C and cooling back to
room temperature. The recovery strains (εSME) are 2.0%,
2.6%, 3.2% and 2.3%, and the recovery ratios (R) are 83%,
72%, 73% and 44%, respectively. The recovery strains and
ratios under different residual strains are given in table 2 and
figure 5. It can be found from figure 5 and table 2 that, when
the pre-strains are<5.5%, the SMEs remarkably increase with
increase of the pre-strains, up to a maximum value of 3.2%.
Additionally, the shape recovery ratios are almost 100% when
the pre-strains are <2.5%; afterwards they gradually decrease
due to the increase of the pre-strains. The shape recovery is
due to the reverse martensitic transformation of the reoriented
martensites during heating. When the samples are deformed at
room temperature, reorientation of the martensite occurs at the
same time. Afterwards, the reoriented martensite is recovered
when the sample is heated over the reverse martensitic
transformation temperature. When the deformation is small,
the reoriented martensite variants can recover completely,
which results in almost 100% recovery ratios with pre-strains
<2.5% in this study. When the deformation is larger than
4
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Figure 3. DSC curves of Cu86Al12Ta2 alloy under different conditions. (a) Condition (i); (b) condition (ii); (c) condition (iii). The red solid
arrows imply a two-step reversible martensitic transformation. The red dashed arrows represent the unknown phase transformation in this
study.
Figure 4. Tensile stress–strain curves of Cu86Al12Ta2 alloy with different pre-strains. The arrows represent the shape memory strains upon
heating to 700 ◦C and cooling back to room temperature. (a) εpre = 3.5%, εr = 2.4%, εSME = 2.0%; (b) εpre = 4.5%, εr = 3.5%,
εSME = 2.6%; (c) εpre = 5.5%, εr = 4.4%, εSME = 3.2%; (d) εpre = 6.5%, εr = 5.2%, εSME = 2.3%.
2.5%, the sample is deformed plastically and cannot return
to its original shape completely. Therefore, the recovery ratio
gradually decreases with increase of the pre-strain, as shown
in figure 5(b). On the other hand, similarly to Cu–Al–Nb
HTSMAs [30, 31], the relatively good shape recovery ratios
and SMEs of the studied Cu–Al–Ta alloy are probably caused
by the presence of various small precipitates. These small
precipitates uniformly distributed within the martensite matrix
may result in the formation of an additional stress field, which
is beneficial for martensite reorientation.
4. Conclusions
In this study, the microstructure, martensitic transformation
and shape memory properties of a new type of Cu–Al–Ta alloy
5
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2.0 1.1 1.1 0.0 100
2.5 1.5 1.5 0.0 100
3.0 2.1 1.9 0.2 90
3.5 2.4 2.0 0.4 83
4.0 3.0 2.3 0.7 78
4.5 3.5 2.6 0.9 72
5.0 4.1 3.0 1.1 73
5.5 4.4 3.2 1.2 73
6.5 5.2 2.3 2.9 44
Figure 5. Recovery strains (a) and ratios (b) under different residual
strains.
were investigated. The obtained results lead to the following
conclusions.
(1) Cu86Al12Ta2 alloy consists of martensites+ Ta2(Al,Cu)3
+ Cu(Al,Ta) phases after quenching, in which the
martensites are a mixture of predominantly β ′1 martensite
and a little γ ′1 martensite. For condition (i), the main
precipitate is the tiny thin-striped Ta2(Al,Cu)3 phase,
whereas it is the particle-shaped Cu(Al, Ta) phase under
conditions (ii) and (iii). Additionally, the dendritic-shaped
γ1 (Cu9Al4) phase appears under condition (ii), but
it disappears when the sample is re-quenched under
condition (iii).
(2) All the studied Cu86Al12Ta2 samples have martensitic
transformation temperatures higher than 450 ◦C, and
show complex phase transformation behavior. Two-step
martensitic transformations are observed due to the
reversible transformation between the austenite parent
phase and (γ ′1 + β
′
1) martensites.
(3) Cu86Al12Ta2 alloy exhibits relatively good SMEs and
shape recovery ratios in this study. With increase of the
pre-strain, the SME clearly increases, up to a maximum
value of 3.2%. Meanwhile, the shape recovery ratio is
almost 100% when the pre-strain is <2.5%; afterwards it
gradually decreases due to an increase of the pre-strain.
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